Microbial mats are vertically stratified communities that host a complex consortium of microorganisms, dominated by cyanobacteria, which compete for available nutrients and environmental niches, within these extreme habitats. The Antarctic Dry Valleys near McMurdo Sound include a series of lakes within the drainage basin that are bisected by glacial traverses. These lakes are traditionally independent, but recent increases in glacial melting have allowed two lakes (Chad and Hoare) to become connected by a meltwater stream. Microbial mats were collected from these lakes, and cultured under identical conditions at the McMurdo Station laboratory. Replicate pairings of the microbial mats exhibited consistent patterns of growth inhibition indicative of competitive dominance. Natural products were extracted from the microbial mats, and a disk diffusion assay was utilized to show that allelochemical compounds mediate competitive interactions. Both microscopy and 16S rRNA sequencing show that these mats contain significant populations of cyanobacteria known to produce allelochemicals. Two compounds were isolated from these microbial mats that might be important in the chemical ecology of these psychrophiles. In other disk:mat pairings, including extract versus mat of origin, the allelochemicals exhibited no effect. Taken together, these results indicate that Antarctic lake microbial mats can compete via allelopathy.
INTRODUCTION
The Dry Valleys near McMurdo Sound represent the largest icefree region on the Antarctic continent (Heywood 1984; Simmon, Vestal and Wharton 1993) , and one of the most severe environments on the planet (Fountain et al. 1999; Doran et al. 2002) . Low temperatures (-20 • C annual average), desiccation and an extreme light cycle challenge most forms of life in this region (Friedmann 1982; Powers, Freckman and Virginia 1994; Priscu et al. 1998) . The surrounding Transantarctic Mountains (∼3000 m high) trap radiant energy controlling ice and snow cover that results in the characteristic cold desert conditions (Lewis, Fountain and Dana 1998) . A persistent feature of these Dry Valleys is the arheic lakes and ponds that receive seasonal meltwater from nearby glaciers (Chinn 1993; Doran, Wharton and Lyons 1994; Priscu et al. 1998) . Some of the better-studied Antarctic lakes are found in the Taylor Valley (e.g. Dore and Priscu 2001) ; despite their close proximity these lakes are largely isolated basins with each lake having unique chemical characteristics (Wharton et al. 1986; Lizotte and Priscu 1992; Matsumoto 1993) . Their permanent ice cover reduces wind-driven mixing of the lakes that results in stratified nutrient, salinity, temperature and oxygen gradients (Spigel and Priscu 1998) , as well as reduced light penetration of both photosynthetically active radiation (PAR: 400-700 nm) and ultraviolet radiation (UVR: 290-400 nm) (Palmisano and Simmons 1987; Vincent et al. 1998; Hawes and Schwarz 1999; Kepner et al. 2000) , which likely structures the specific microbial communities that inhabit each of these lakes (Cathey et al. 1981; Takacs and Priscu 1998) . Benthic microbial mats of Antarctic Dry Valley lakes are increasingly recognized as significant sources of primary productivity (e.g. Wharton et al. 1994; Hawes and Schwarz 1999; Vopel and Hawes 2006; Quesada et al. 2008 ) that rival planktonic productivity normalized to surface area (i.e. mg C m −2 d −1 : Moorhead, Schmeling and Hawes 2005) , and as habitat for heterotrophic microfauna (Cathey et al. 1981) . Lake Hoare (77 • 38 S, 162
• 53 E) and Lake Chad (77 • 38 S,
162
• 45 E) are fed by the Canada Glacier and the Suess Glacier, respectively, and are unusual among the Taylor Valley lakes because they have recently been connected by a small meltwater stream (Spaulding et al. 1997) . Lake Hoare has a surface area that is an order of magnitude larger than Lake Chad (1.77 km 2 vs 0.173 km 2 ) and a maximum depth that is five times greater (31 m vs 6 m). Both lakes are covered by 3-5 m of permanent ice, with seasonal meltwater moats around their edges. The benthos of these lakes include varying assemblages of microorganisms with specific microbial mat ecomorphologies (Wharton, Parker and Simmons 1983 ) that segregate into zones according to the physical and chemical properties associated with lake stratification Vopel and Hawes 2006) . For example, Lake Hoare has a distinct moat mat, a shallow (∼2-25 m) aerobic prostrate mat and deep (>25 m) anaerobic prostrate mats that are structured by the increasing nutrients with depth, and decreasing gradients of oxygen and irradiance (Vopel and Hawes 2006) . While Lake Chad also has a moat mat and an aerobic prostrate mat, microbial mats from the two lakes contain distinct constituent species that have remained isolated until the recent connection of these two lakes by a meltwater stream (sensu Spaulding et al. 1997) . Several previous studies have focused on the taxonomy, diversity and productivity of mat communities from Dry Valley lakes using morphological and biochemical characteristics (Wharton, Parker and Simmons 1983; Taton et al. 2003 Taton et al. , 2006 Jungblut et al. 2016) , as well as molecular approaches more recently (Michaud, Sabacká and Priscu 2012; Pessi, Maalouf and Laughinghouse 2016) . The unique ecological zones created by strong gradients in abiotic factors (e.g. light) within these lakes leads to the hypothesis that competitive interactions are potentially important in the structure and function of mat communities, with these interactions potentially mediated by allelopathic interactions (Gross 2003) . Most studies on competition between microbial mats has focused on process (i.e. control of a resource: Jørgensen and Des Marais 1986; Visscher et al. 1992; Pinckney, Paerl and Fitzpatrick 1995) rather than mechanism (i.e. factors that enhance an individual's ability to control a resource), despite the fact that microbial competition is often driven by the production of antimicrobial compounds (Slattery, Rajbhandari and Wesson 2001; Hibbing et al. 2010 ).
Here we assess the potential competitive interactions between microbial mat communities from Lake Hoare and Lake Chad to determine the competitive hierarchy between mats, and the role of allelopathy in those competitive outcomes.
MATERIALS AND METHODS

Field sampling
Microbial moat mats from Lake Hoare and Lake Chad, and the prostrate mat from Lake Hoare, were sampled during the austral summers of 1992 and 1993. A tethered scuba diver surveyed the benthos of Lake Hoare at a depth of 20 m for the percent cover of aerobic and anaerobic prostrate mats (the former distinguished by its smooth texture and colored 'tissue', while the latter had a coarse texture and a blackened 'tissue': Wharton, Parker and Simmons 1983) , and for potential competitive interactions with other mat ecomorphologies (i.e. pinnacle mats and 'subducted' moat mat material). A 0.25 m 2 quadrat was positioned at random points along five 25 m transects on the benthos (n = 10 quadrats per transect), and the percent cover as well as the number of mat interactions (contact or near contact: <10 cm distance) was recorded. In many cases, these interactions resulted in mat necrosis ( = loss of pigment and 'lesions' of the surficial layer), and this was also recorded relative to the competitive mat ecomorphology. A chi-square analysis, with a null hypothesis of no difference between interacting mats and mat 'monocultures', was used to assess competition. A 10 cm diameter PVC core was used to collect aerobic prostrate mat material (n = 3 replicates); these were transferred underwater into Ziplocs, and returned to the surface where they were stored within a 75 L cooler containing lake water at 0
• C. These mats varied in thickness from ∼0.1 to 1 cm, so the cores collapsed into several smaller pieces of 1-3 cm diameter. Intact microbial mats were also collected by hand from the moats of each lake (depth ∼20 cm) and placed into discrete 75 L coolers containing lake water. These mats were approximately 2.5 cm thick and were easily lifted from the benthos as undamaged 'sheets' in excess of 10 cm 2 . The samples were returned to McMurdo Station within 24 h for culture, and for subsequent competition experiments.
Sample culturing
At McMurdo Station, the mats were segregated into discrete water tables where they were subsampled for species composition identities, growth optimization and chemical fractionation. The species compositions of the microbial mats were initially determined by microscopic comparisons with morphological descriptions in Parker, Samsel and Prescott (1972) and Seaburg et al. (1978) ; in many cases, constituents could only be identified to the genera level. Subsequent identifications of the mat communities were conducted using molecular approaches. The microbial mats were partitioned into pieces ∼1-3 cm 2 , weighed (via equivalent buoyant displaced seawater), transferred into 200 ml of full and one-tenth strength Guillard's MBL media (Nichols 1973) After 2 weeks, the mat material was reweighed, and subsequent mat cultures for competition experiments utilized the best growth conditions achieved with a combination of reduced nutrients and enhanced irradiance. Subsamples of the moat mats from Lake Hoare and Lake Chad, and the deep mat from Lake Hoare, were freeze dried, weighed and extracted in a 1:1 mixture of dichloromethane: methanol (DCM:MeOH). The DCM:MeOH was replaced every 24 h for three successive days, and the solvent was dried down in a rotary evaporator. The crude extract was subsequently transferred to pre-weighed scintillation vials so that the weight of the crude extract, and ultimately the volumetric concentration of extract in the mat, could be calculated.
(A) (B) Figure 1 . Experimental design of microbial mat co-culture (A) and disk diffusion (B) assays. In the co-culture experiment, mats were pre-weighed, submerged in liquid media for 14 days under a 24 h light cycle and then re-weighed and assessed for evidence of competition ( = necrosis). In the disk assay, extracts of each mat were inoculated onto sterile disks ( = treatment) that were placed onto mats in liquid media for 14 days. The mats were assessed for evidence of competition relative to mats with disks containing a carrier solvent ( = control). Active extracts were further fractionated using HPLC, and re-tested, until pure compounds were isolated.
Competition (co-culture)
Cores of the cultured mat material (2.5 cm diameter) were placed into monoculture and co-culture conditions to assess potential competition between the mats (Fig. 1A) . The cores (=Lake Chad moat mat: LCMM; Lake Hoare moat mat: LHMM; and Lake Hoare deep mat: LHDM) were buoyant weighed and placed into 1L Erlenmeyer flasks as monocultures (n = 5 each), under optimized incubation conditions, to assess growth rates over 14 days. In addition, pairwise co-cultures of every interand intra-'specific' combination (LCMM:LHMM, LCMM:LHDM, LHMM:LHDM, LCMM:LCMM, LHMM:LHMM, LHDM:LHDM; n = 5 each) were also pre-weighed and grown for 14 days. Upon completion of the experiment, the cores were assessed for percent mat necrosis by quantifying the dead 'tissue' under a microquadrat (5 cm 2 ; divided into 100 point intercepts with a 10 × 10 grid of microfilament). These cores were then buoyant weighed to determine differences in growth rate. A repeated measures ANOVA was used to assess differences in growth rates of mats under co-culture and monoculture conditions.
Competition (antimicrobial)
Microbial mat extracts were assessed in a variation of the disk diffusion assay (e.g. Acar 1980 ) to demonstrate antimicrobial properties of the mats (Fig. 1B) . The crude extracts of each microbial mat ( = LCMM, LHMM, LHDM; see above) were inoculated onto 5 mm diameter sterile filter paper disks at ecologically relevant concentrations (i.e. identical extract volumes within the disks and the mat), and a similar volume of carrier solvent (i.e. DCM:MeOH) was inoculated onto 'control' disks. A control and treatment disk were placed onto duplicate 2.5 cm diameter pieces of each of the three mats (n = 5 replicates of each) that were submerged within 200 ml of media in a single 1 L Erlenmeyer flask and incubated for 14 days. Subsequent bioassayguided approaches (i.e. further HPLC fractionation/purification and testing of the active extracts: Leão et al. 2010 ) throughout the field season were used to ultimately isolate and assess two pure compounds as allelopathic agents. These were stored at -80
under N 2 , until they were identified at the University of Mississippi. 1 H-NMR and mass spectrometry, followed by Mosher esterification for absolute configuration, were used to identify the compounds and data were compared to published reports (MarinLit, http://pubs.rsc.org/marinlit). A chi-square analysis, with a null hypothesis of no difference between control and treatment disks, was used to demonstrate the allelopathic activity of the microbial mats.
DNA extraction
Samples of Lake Hoare microbial mat material that had been collected in the Austral Summer of 1991 from the surface of Lake Hoare and represented uplifted columnar mat material that had ablated through the permanent ice (Wharton, Parker and Simmons 1983) were 'freeze-dried' by the cold desert conditions, placed in Nalgene bottles and frozen (-20 • C) until extraction.
DNA extractions were performed in 2013 on two different types of mat samples; one sample dominated by Phormidium and the other dominated by Nostoc based on microscopic observations of mat material reconstituted in lake water and examined using light microscopy at the time of collection. Small pieces of mat material ∼1 cm 2 were cut using sterile scissors and rehydrated in filtered (0.22 μm) freshwater. Genomic DNA from these samples was then extracted using a hexadecyltrimethylammonium bromide (CTAB) procedure. Briefly, samples were placed in 600 μl of 2X CTAB mixture (Tris, pH 8.0 [0.0121 g ml
homogenized with a pestle followed by brief sonication (30 s) on ice (4 • C). Proteinase k (5 μl of 20 mg ml −1 ) was added and samples were incubated at 64 • C for 3 h. An equal volume of chloroform was added to the samples followed by centrifugation at 12 000 × g for 10 min. DNA was then precipitated with equal volumes of 100% ethanol, followed by two washes with 70% ethanol. Extractions were checked for quality and concentration using a NanoDrop spectrophotometer (2000c, Thermo Fisher, Waltham, MA, USA).
Metagenetic analysis of 16S rRNA genes
The 16S rRNA gene for each mat sample was amplified and barcoded for multiplexed pyrosequencing using Titanium adapter sequences A (forward primer) and B (reverse primer), and a 10-bp barcode sequence added to the PCR primers. Primers designed to amplify both Bacteria and Archaea (hypervariable V6 region) were used, consisting of the forward primer U789F (5 -TAGATACCCSSGTAGTCC-3 ) and the reverse primer U1068R (5 -CTGACGRCRGCCATGC-3 ) (Wang and Qian 2009 . Sequences were analyzed using the Quantitative Insights Into Microbial Ecology (QIIME) pipeline (Caporaso et al. 2010) . Raw sequence reads were filtered for quality by discarding short reads (<200 bp), or reads with more than two mismatches with the primer sequence, or with ambiguous nucleotides, or with an average quality score <25. A custom Perl script based on the QIIME script 'split˙libraries.py' was used to trim primers from the sequences, assign reads to their sample of origin (based on MID tags) and reverse complement the reads originating from the B adapter (reverse reads). Trie clustering (QIIME team, http://qiime.org) was used to collapse reads that are prefixes of each other into clusters and discard singleton reads. Chimeric sequences were identified and removed using USEARCH 6.1 (Edgar 2010) in QIIME. Sequences were aligned against the 24 July 2014 release of the SILVA 119 database. Reads were then clustered into OTUs using UCLUST de novo clustering (97% similarity) (Edgar 2010) . Taxonomy was assigned to representative sequences for each OTU using the Ribosomal Database Project classifier with a minimum cutoff of 0.8 (Wang et al. 2007 ) in QI-IME. Sequences resulting from pyrosequencing were deposited in the NCBI SRA data repository under project accession number (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA352243).
RESULTS
The prostrate aerobic deep mat in Lake Hoare covered 46.1 ± 3.8% (mean ± SE; range: 0%-90%) of the benthos at 20 m, while the pinnacle mat only covered 4.0 ± 1.4% (range: 0%-40%). There was some degree of segregation amongst these microbial mat communities; of the 50 quadrats examined, there were only seven interactions representing four contacts and three near contacts (<10 cm distance). Four of the interactions occurred between the prostrate and pinnacle mats, and three occurred between the prostrate mat and subducted moat mat material. In all interactions, the prostrate mat coloration was 'bleached', and the surface became extensively necrotic and floccular relative to mats within quadrats without competitive interactions (n = 36; chi-square = 43, P < 0.0001). At least 16 species, representing nine genera, were common constituents of the LCMM, LHMM and LHDM microbial Chlamydomonas sp.
Lyngbya spp. [3]
Microcoleus sp.
Navicula spp. [5]
Nitzschia sp.
Nostoc spp. [2]
Phormidium frigidum Synechococcus sp.
Taxa were identified via microscopy using published descriptions; in parentheses is the minimum number of species within each taxon.
mats based on microscopic examinations (Table 1) . Phormidium frigidum was the most common constituent of both the shallow and deep microbial mats, and it formed a matrix with at least three species of Lyngbya. Pennate diatoms and other cyanobacteria were relatively abundant within the mats, but their distributions were specific to each mat (Table 1) . Subsequent metagenetic profiling of the columnar mat material from Lake Hoare using the 16S rRNA gene showed a diverse community of prokaryotes in addition to Cyanobacteria including, but not limited to, Chloroflexi, Plantomycetes and Proteobacteria ( Fig. 2A) which are well described members of other mat communities (Bolhuis, Cretoiu and Stal 2014) . Looking specifically at the cyanobacterial component of the mat community, the molecular analysis of both mat types, loosely identified by initial microscopy as Nostoc and Phormidium types, shows the presence of multiple filamentous members of the order Oscillatoriales including Nostoc, Microcoleus, Phormidium, Leptolyngbya and Pseudanabaena as well as non-filamentous taxa related to Synechococcus (Fig. 2B) . The recovered taxa using pyrosequencing represent very similar taxa to those identified using quantitative microscopy (Table 1) . Co-culture of microbial mat material exhibited evidence for competitive effects between LHDM and the two moat mat communities (Fig. 3) . Specifically, LHDM mat volume declined by 42.3 ± 4.1 and 20.0 ± 1.9% when cultured in the presence of LCMM and LHMM, respectively (RM-ANOVA: F = 117.59; P < 0.0001). In contrast, LHDM mats co-cultured with 'conspecific' LHDM mats increased in volume (18.3 ± 1.9%) over the same 14 day incubation period. LCMM and LHMM mats exhibited an average volumetric increase of 17.5 ± 1.4 and 17.7 ± 1.1%, respectively, during the incubation period. LHDM mats in the presence of moat mats exhibited bleaching and necrosis consistent with field observations (Slattery pers. obs.) .
A variation of the disk diffusion assays utilizing crude extracts of the LCMM, LHMM and LHDM mats demonstrated clear evidence for chemically mediated LHDM mat necrosis (Fig. 4) . Specifically, the LHDM mat exhibited 69.0 ± 7.1 and 37.0 ± 6.2% loss of biomass in the presence of LCMM and LHMM extracts, respectively. In contrast, LHDM extract, and the controls, exhibited 1.0 ± 1.0 to 3.0 ± 1.2% necrosis during the same incubation period. Bioassay-guided isolations, at ecologically relevant volumes within filter disks (LCMM extract concentration: 3.4%; LHMM extract concentration: 3.5%; LHDM extract concentration: 2.2%), led to the isolation of a bioactive compound (4-[2-hydroxyethyl]phenol: 'tyrosol'; concentration: 0.29%) from Lake Chad, and another bioactive compound ([4S,8R,E]-1-chlorotridec-1-ene-4,8-diol; concentration: 0.01%) from Lake Hoare ( Fig. 5 ; supplemental material). The compound from the LCMM resulted in 58.3 ± 3.7% necrosis, while the compound from the LHMM resulted in 28.6 ± 3.9% necrosis. In all cases, mat necrosis in the presence of extract and compound treated filter disks looked like the mat necrosis observed in the field and under laboratory co-culture competition experimental conditions (Slattery pers. obs.).
DISCUSSION
Competition is an important structuring agent in most ecosystems (Menge and Sutherland 1976; Connell 1978) ; nonetheless, many researchers agree that biotic interactions have a limited impact on the biodiversity of the Antarctic Dry Valley lakes (e.g. Fountain et al. 1999) . While the permanent ice cover stabilizes the water column from wind-driven mixing, abiotic factors including the steep gradients of light over depth and season (Hawes and Schwarz 2001; Vopel and Hawes 2006) , nutrient limitation (Priscu 1995) , salinity (Sabbe et al. 2004 ) and oxygen supersaturation (Craig, Wharton and McKay 1992) impose strong selective pressures that drive differences in mat communities from different ecological niches within a lake. This divergence in mat communities within a lake suggests that mats from different niches within a lake would experience significant stress outside their niche (e.g. Wharton, Parker and Simmons 1983; Vincent et al. 1993) . Moreover, stratification of these arheic lakes and limited groundwater connectivity (Mikucki et al. 2015) has led to complex microhabitats that control species distributions Wharton, Parker and Simmons 1983; Priscu et al. 1998) and likely limits interactions between the dominant benthic microbial mats within and between lakes. That said, lift-off mats can become entrained in the permanent ice and Figure 3 . Competitive co-culture of Lake Chad and Lake Hoare moat mats (LCMM and LHMM, respectively), and Lake Hoare deep prostrate mats (LHDM). In each graph, the mat ID in the upper left represents the sample material assessed, while the ID under each histogram represents co-cultured mat within 1L erlenmeyer flasks. Histograms represent the percent change (±1SE) in the buoyant volume of the mats following 14 day incubation under low nutrients and high irradiance conditions. Histograms with different letter groups are significant by repeated measures ANOVA. migrate to the lake surface via a 'conveyor' formed by freezing on the underside and ablation on the surface of the ice, to be ultimately transported to other sites in the Dry Valleys by wind (Parker et al. 1982) . However, our results now provide significant evidence for biotic processes ( = competition) controlling Antarctic Dry Valley lake communities.
Specifically, transects at depth in Lake Hoare demonstrate a segregation of mat ecomorphologies; only 7 of 50 quadrats contained two mat ecomorphologies, and 3 of these instances represented the presence of 'transient' subducted moat mat material. This segregation could be due to microhabitat niche partitioning amongst mat ecomorphologies as suggested by Simmons et al. (1981) and Wharton, Parker and Simmons (1983) . These patterns of habitat utilization have been described extensively in ecosystems worldwide (e.g. Genner, Turner and Hawkins 1999; Patterson, Willig and Stevens 2003; Fox and Bellwood 2013) , including Antarctic Dry Valley soil communities (Treonis, Wall and Virginia 1999; Nkem et al. 2006) . Alternatively, this pattern might suggest competitive interactions amongst the mat ecomorphologies. We observed direct contact/close contact between . Antimicrobial activity of Lake Chad and Lake Hoare moat mats (LCMM and LHMM, respectively), and Lake Hoare deep prostrate mat (LHDM) extracts against intact LHDM. Histograms represent the percent mat necrosis in the presence of control and extract-treated filter disks placed on LHDM material over a 14 day incubation period under low nutrients and high irradiance conditions. Histograms with different letter groups are significant by repeated measures ANOVA. different mat ecomorphologies that always resulted in bleaching and necrosis of the deep prostrate microbial mat. The competitive superiority of pinnacle mats and subducted moat mats over deep prostrate mats might seem counterintuitive since the latter mat ecomorphology was spatially dominant (∼50% cover at 20 m). However, an alternative to competitive superiority is faster growth (e.g. Coley, Bryant and Chapin 1985) , which can provide dominance in the form of shading and/or crowding recruits (e.g. Reed and Foster 1984) . In fact, our incubation experiments support this hypothesis; optimal growth for the mats (LCMM, LHMM and LHDM) occurred at high irradiances. This is consistent with observations that moat mats are acclimatized to high PAR but are inefficient at photosynthesis, whereas deep prostrate mats are adapted to low PAR (<5% of moat mat irradiance) and are very efficient at photosynthesis (Hawes and Schwarz 1999) . Deep prostrate mats also trap nutrients (Quesada et al. 2008) and may see less functional nutrient limitation than is apparent based on water column profiles (Priscu 1995) . Thus, the deep microbial mats in Lake Hoare are apparently adapted for fast growth relative to the moat mats, and possibly other mat ecomorphologies. Moreover, comparisons of shallow (=moat mat) and deep (=aerobic prostrate mat) microbial mats from Lake Chad and Lake Hoare indicate the moat mat constituents from separate lakes have more in common than do shallow and deep mats from the same lake. While this project did not address competition for a specific resource (e.g. light, space, nutrients, etc.), it did address an important mechanism that determines competitive hierarchy. As noted, the deep prostrate mat is capable of fast growth relative to the pinnacle mats at depth, and to the moat mat material when it settles into the lake benthos. However, the moat mats produce at least two allelopathic compounds that are capable of reducing deep mat biomass by 'tissue' necrosis, and potentially impairing physiological function through 'bleaching' of deep mat pigments. Wind-mediated mat dispersal apparently occurs in the Dry Valleys (Parker et al. 1982) , so these allelochemicals might be important agents of invasion of mat material to other water bodies within the Dry Valleys, and displacement of the endemic communities (Hierro and Callaway 2003; Jarchow and Cook 2009 ). More recently, warmer summers has led to increased water levels (∼0.5 to 1 m) in the Dry Valley lakes (Doran et al. 2008 ) that has resulted in a contiguous Lake Chad and Lake Hoare (Spaulding et al. 1997) . While this was likely a rare dispersal mechanism in the historic past (Conovitz et al. 1998) , including the timeframe when our samples were collected (Doran et al. 2002) , recent climatic changes within the Dry Valleys (i.e. increased meltwater) provide another mechanism for exotic microbial mat dispersal and its impact on the stability of the microbial mat communities in Lake Hoare.
One of the primary constituents of the Dry Valley microbial mats based on microscopy and molecular sequencing is cyanobacteria, a taxon known to possess unique chemical compounds with multiple ecological roles (Gross et al. 2012 ) that include defense against predators (Nagle, Camacho and Paul 1998; Camacho and Thacker 2006) , protection from UVR (Garcia-Pichel and Castenholz 1991) and also bioactivity against competitive species (Keating 1978; Scholz and Liebezeit 2012) . Cyanobacterial compounds include cyclic peptides, alkaloids, amino acids, lipopolysaccharides and polyketides (Tidgewell, Clark and Gerwick 2010) . Although cyanobacterial toxins have been isolated from Antarctic microbial mats (Hitzfeld et al. 2000; Wood et al. 2008) , the ecological roles of these compounds remain unknown. Moreover, these mats represent a polymicrobial complex that includes prokaryotic and eukaryotic constituents, in addition to the Archaea, which might also be responsible for the isolated allelochemicals (e.g. Slattery, Rajbhandari and Wesson 2001; Weissbach, Tillmann and Legrand 2010) . Our results demonstrate a clear allelopathic role against potentially competitive microbial mat communities within Lake Hoare, and in nearby lakes (i.e. Lake Chad). Tyrosol is a common quorumsensing compound involved in biofilm formation (Alem et al. 2006) , and it has cytotoxic attributes that affect DNA replication (Ahn et al. 2008) . The chlorinated oxylipin from the Lake Hoare moat mat may be a new compound, but it is closely related to the Egregiachlorides from brown algae and has demonstrated antibiotic activity (Kousaka et al. 2003) . Thus, both compounds would provide excellent activity against any or all of the constituents of the competitive microbial mat consortia. It is worth noting that these pure metabolites were not as active as the crude extracts from the mats (i.e. 69% and 37% necrosis for LCMM and LHMM extracts, respectively, but only 58% and 29% necrosis for their respective compounds). This suggests that additional minor bioactive metabolites likely act in an additive manner with these specific metabolites (sensu Slattery et al. 2008) .
The Dry Valleys are often recognized as an ancient ecosystem, and even as a proxy for conditions on Mars (Horowitz, Cameron and Hubbard 1972; Marchant and Head 2007) . Microbial mats are some of the oldest known forms of life on the planet (Noffke et al. 2006) , and to date research within this system has largely focused on evolutionary adaptations to extreme abiotic conditions (Fountain et al. 1999; Cowan and Tow 2004) . Our results provide important insights into the roles of natural products in microbial mats, and they indicate that chemical defenses (i.e. allelopathic compounds) occur in extreme environments such as the Antarctic Dry Valley lakes. Future studies on the microbial mat communities of the Antarctic Dry Valleys should consider biotic interactions as a process that drives the ecology of these unique ecosystems.
